3 performing the first 4 steps again (multiple times if necessary) until full length CasY proteins were obtained. 115 The extended scaffolds and other full-length CasY scaffolds were checked for any potential assembly 116 errors using ra2.py (https://github.com/christophertbrown/fix_assembly_errors/releases/tag/2.00), the 117 general strategy was described previously (Brown et al. 2015) . Errors reported as unresolved by ra2.py were 118 fixed manually in Geneious using unplaced paired reads that were mapped to the scaffolding gaps. 119 120
Coverage calculation, genome binning, genome curation and completeness assessment 121
The high quality reads were mapped to the corresponding assembled scaffolds using bowtie2 with default 122 parameters and the coverage of each scaffold calculated as the total number of bases mapped to it divided by 123 its length. For each sample, scaffolds over 2500 bp were assigned to preliminary draft genome bins using 124
MetaBAT with default parameters, considering both tetranucleotide frequencies (TNF) and scaffold coverage 125
information. The clustering of scaffolds from the bins and the unbinned scaffolds was visualized using ESOM 126 with a min length of 2500 bp and max length of 5000 bp as previously described (Dick et al. 2009 ). Misplaced 127 scaffolds were removed from bins and unbinned scaffolds whose segments were placed within the bin areas of 128
ESOMs were added to the bins. Scaffolds ≥ 1000 bp from each sample were uploaded to ggKbase 129 (http://ggkbase.berkeley.edu/). The ESOM-curated bins with interesting CasY-bearing scaffolds were further 130 evaluated based on consistency of GC content, coverage and taxonomic information, and scaffolds identified as 131 contaminants were removed. The genome bins with CRISPR-CasY systems were curated individually to fix local 132 assembly errors using ra2.py, as described above. A total of 50 single copy genes (SCGs) that are commonly 133 detected in CPR bacteria ( Supplementary Table 2 ) were used to evaluate genome completeness. 134 135
Gene prediction and metabolic prediction 136
The protein-coding genes of the curated genomes (see above) were predicted using Prodigal (-m single) (Hyatt 137 et al. 2010), and searched against KEGG, UniRef100 and UniProt for annotation, and metabolic pathways were 138 reconstructed. The 16S rRNA genes were predicted based on HMM models, as previously described (Brown et 139 al. 2015) . The ribosome binding site sequence was obtained via the Prodigal gene prediction results. 140 141
CRISPR loci reconstruction and spacer identification 142
For all the confirmed CRISPR-CasY and other CRISPR-Cas systems, the quality reads were aligned to the 143 scaffolds from the corresponding sample using bowtie2 with default parameters (Brown et al. 2015; Langmead 144 and Salzberg 2012). Any unmapped reads of read pairs were mapped to the scaffolds in Geneious using the 145 function of "Map to Reference", then the CRISPR loci were manually reconstructed, allowing for spacer set 146 diversification and loss of spacer-repeat units in some cells. Thus, it was possible to place most reads in an 147 order that reflects the locus evolutionary history. For each CRISPR locus, all the reads that mapped were 148 extracted, and spacers between two direct repeats were used for target searches (see below). 149 150
Spacers target search and identification of (pro)phage scaffolds 151
All the spacer sequences from each CRISPR locus were dereplicated, then the sequences were searched against 152 scaffolds from related samples using BLASTn with the following parameters: -task blastn-short, -dust no, -153 word_size 8. Those scaffolds with 0 mismatch and 100% alignment coverage to one or more spacers were 154 manually checked for phage-specific proteins, including capsid, phage, virus, prophage, terminase, prohead, 155 tape measure, tail, head, portal, DNA packaging, as described previously (Dudek et al. 2017 ). 156 157
In silico determination of protospacer adjacent motif (PAM) 158
To determine the PAM of the CRISPR-CasY systems in Roizmanbacteria genomes, for each CRISPR spacer with a 159 target in two complete phage genomes from QZM (see results), the upstream 5 bp and downstream 5 bp of the 160 targeted DNA strand were searched manually and the PAM was determined and visualized using Weblogo 161 (Crooks et al. 2004 (1) 16 RPs analyses: After preliminary classification based on the ribosomal protein S3 (rpS3) 169 taxonomy, reference genomes were downloaded from NCBI (131 in total) and dereplicated using dRep ("-sa 170 0.95 -nc 0.5") (Olm et al. 2017) . A higher similarity threshold was used to perform dereplication of newly 171 4 reconstructed genomes from hot spring sediment samples ("-sa 0.99 -nc 0.5"), to clarify the overall diversity. 172
The 16 RPs (i.e., L2, L3, L4, L5, L6, L14, L15, L16, L18, L22, L24, S3 , S8, S10, S17 and S19) were predicted from all 173 the dereplicated genomes. 174
(2) 16S rRNA genes sequences: The 16S rRNA genes were predicted from all the dereplicated 175 genomes (see above) using HMM-based searches (Brown et al. 2015) . All the insertion sequences with lengths > 176 10 bp were removed. 177
(3) CasY proteins: all partial and full length CasY proteins from confirmed CRISPR-CasY systems in this 178 study and the previously reported CasY proteins were included in a phylogenetic tree, with c2c3 proteins as the 179 outgroup. 180
(4) Cas12a (Cpf1) proteins: the Cas12a proteins in NCBI and our dataset were identified and used to 181 construct a tree with Cas12c (C2c3) proteins as the outgroup. 182
(5) CPR (pro)phages: the capsid protein was used as a marker to build phylogenetic trees for CPR 183
(pro)phage. The capsid proteins identified in this study were searched against the NCBI RefSeq Phage Capsid 184 proteins, the first 5 blast hits were used as reference proteins, along with those in previously reported in CPR 185 phage genomes (Paez-Espino et al. 2016; Dudek et al. 2017 ). 186
For tree construction, protein sequences datasets were aligned using Muscle (Edgar 2004 Figure 1 . We selected 17 genomes that encode CRISPR-Cas systems for curation ( Figure 1a , Figure 1a ). The new Roizmanbacteria genomes were assigned to two distinct classes based on their 215
16S rRNA gene sequences (Yarza et al. 2014 ) and/or average nucleotide identity (ANI) ( Figure 1a , 216
Supplementary Figure 2 ). Five of the genomes represent two different strains, with an ANI of 98.39% (clade 1; 217 Figure 1a ), and the other 11 genomes belong to the same family (clade 2; Figure 1a ). Genomes in clade 1 and 2 218
were assigned to groups ( Figure 1a , Table 1 ). 219 220
CRISPR-CasY detected in Roizmanbacteria and Woesebacteria genomes 221
We identified 69 CasY candidates (see methods), 17 of which are on scaffolds with a Cas1 protein and CRISPR 222 locus ( Supplementary Table 3 ). Of these, 12 scaffolds could be assigned to Roizmanbacteria genomes and one 223 to a Woesebacteria genome ( Table 1 ). The other four scaffolds with CRISPR-CasY systems could not be binned, 224
but were also included in our analyses (Figure 1b ). 225
The CRISPR-CasY systems from of Roizmanbacteria and Woesebacteria have a different architecture 226 than those reported previously (Burstein et al., 2017) , with CasY and Cas1 proteins on the same side of the 227 CRISPR locus (Figure 1a ). The Roizmanbacteria CasY proteins have similar lengths of 1252-1256 aa, whereas 228 5 that found in the Woesebacteria is 1304 aa ( Supplementary Table 3 2015), identified all the catalytic residues within the three conserved motifs of RuvC-I, RuvC-II and RuvC-III 236 (Figure 1b ), suggesting the RuvC domains in the new CasY proteins are active nucleases. On the other hand, we 237 detected divergence in other regions of the CasY proteins from different sampling sites ( Figure 1b ). 238 239
Other CRISPR-Cas systems identified in Roizmanbacteria genomes 240 A Type III-A system was detected in all 11 clade 2 Roizmanbacteria genomes, seven of which encode more than 241 one type of system (Figure 1a , Supplementary Figure 2 ). The genomes differ in terms of the presence or 242 absence of Cas1 and Cas2 proteins (Supplementary both Cas1 and Cas2. C2-Gp6 and C2-Gp7 possess Cas1 but not Cas2. Four genomes in C2-Gp3 lack both Cas1 245 and Cas2 but have a Mor transcription activator family protein (Figure 1a and Supplementary Table 3 ). 246
However, the CRISPR-Cas system in C2-Gp3 may be non-functional because the repeats are imperfect. A 247 fragment of the C2-Gp3 genomes encodes the 16 ribosomal proteins used for phylogenetic analyses and a 248 restriction-modification system that may instead be used for phage defense (Figures 2a and b ).
249
A Type I-B system was identified in two Roizmanbacteria genomes belonging to the same genus (C2-250
Gp5 and C2-Gp7), but not in the C2-Gp6 genomes, despite the fact that C2-Gp5 and C2-Gp7 are very closely 251 related to C2-Gp6 (ANI = 99% and 16S similarity = 98.9%). Comparative genomic analyses showed that the Type 252 I-B system is located between genes encoding a secreted cysteine-rich protein and a lamin tail domain protein 253 that are present in both genomes ( Supplementary Figure 3b ). Two very short hypothetical proteins were 254 detected between the cysteine-rich and lamin tail domain proteins in the C2-Gp6 genomes (Supplementary 255 Figure 3b ). However, NCBI BLAST and HMM searches indicate no homology of the hypothetical proteins to any 256 known proteins or functional domains, respectively, and no significant similarity to the Cas proteins of Type I-B 257 systems in the C2-Gp5 and C2-Gp7 genomes. 258 259
CRISPR-Cas12a systems in published Roizmanbacteria genomes 260
We investigated 131 published Roizmanbacteria genomes available from NCBI to identify all CRISPR-Cas 261 systems that occur in these bacteria ( Supplementary Table 4 ). The CRISPR Roizmanbacteria bacterium CG_4_9_14_0_2_um_filter_39_13 included two Cas12a proteins. We refer to the 267 one near the CRISPR locus as Cas12a, and the other as Cas12a' (Figure 1a ). Phylogenetic analyses of Cas12a and 268
Cas12a' proteins (previously reported and identified in this study) indicated those in CPR genomes could be 269 assigned into at least three groups ( Supplementary Figure 4a ). Group 1 includes the Cas12a proteins from the 270 two genomes with both Cas12a and Cas12a', and is highly divergent from other Cas12a proteins. Group 2 271
includes the Cas12a' of Candidatus Roizmanbacteria bacterium CG_4_9_14_0_2_um_filter_39_13, along with 272 the Cas12a proteins from another two genomes. Group 3 includes Cas12a' of Candidatus Roizmanbacteria 273 bacterium GW2011_GWA2_37_7 (Zetsche et al. 2015) and clusters together with Cas12a from non-CPR 274
Bacteria and Archaea. 275
The RuvC domains (-I, -II, -III) of the CPR Cas12 and Cas12' group 2 and 3 proteins include all the 276 conserved catalytic residues in (Supplementary Figure 4b ). However, in group 1 proteins, the conserved RuvC-II 277 glutamic acid catalytic residue "E" was substituted by asparagine "N", and in RuvC-III asparagine "N" was 278 substituted to valine "V". These substitutions suggest that the Cas12a in the systems with both Cas12a and 279
Cas12a' may not perform cleavage as documented previously (Zetsche et al. 2015) . 280 281
Roizmanbacteria-infecting phages from Podoviridae and Siphoviridae 282
A total of 1118 spacers perfectly targeted (100% match and 100% alignment coverage; see methods) 565 283 unique scaffolds. Of these, 156 of them were targeted by two or more spacers (153 from the QZM samples of 284 the current study) (Supplementary Table 5 ). Eleven of the CRISPR spacer-targeted scaffolds encode a phage 285 6 capsid protein, which was used as a marker for phylogenetic analyses (Figure 3 ). Five additional scaffolds 286 encoding a similar capsid protein were identified by a BLAST search. Capsid proteins were also predicted from 287
the Absconditabacteria (SR1) phage (8 out of 17 with capsid genes identified) and included in the phylogenetic 288
analyses. The (pro)phage identified in this study as well as the Absconditabacteria phage were assigned to 289 either the Podoviridae clade or the Siphoviridae clade ( Figure 3 ). The complete Saccharibacteria phage that 290 lacks an identifiable capsid protein (Dudek et al. 2017 ) is most closely related to Siphoviridae phages based on 291 comparison of its terminase with annotated sequences in the NCBI database. 292
One scaffold (QZM_B3_scaffold_44) from a C2-Gp3 Roizmanbacteria was targeted by multiple 293 spacers. Detailed analyses indicate that this region is a prophage, with a length of approximately 27 kbp ( Figure  294 2c), and is among the first prophage reported in CPR bacterial genomes. This prophage is predicted to encode 295 40 protein coding genes, including a phage integrase, terminase, prohead protein, major tail protein, tail tape 296 measure protein, tail fiber protein and lysozyme. Nineteen of the ORFs were targeted by 41 CRISPR spacers 297
from CasY-based systems, all of which were from Roizmanbacteria (Figure 1, Figure 4b ). BLAST comparison 298 detected highly similar scaffolds in the other three genomes of the C2-Gp3 group (Table 1, Figure 2 ) and also 299 unbinned scaffolds in QZM_A2_1, QZM_A2_3 and QZM_A3, suggesting that this is a common Roizmanbacteria 300
prophage. However, when reads of other QZM-related samples were mapped to QZM_B3_scaffold_44, the 301 prophage region showed much higher coverage in QZM_B1 and QZM_B4 than the flanking region 302
(Supplementary Figure 5 ). Further, a subset of reads that circularize the phage genome were detected. These 303 observations indicate that the prophage existed as phage particles in these two samples. 304
One putative phage scaffold ( Supplementary Table 5 ) could be circularized, and circularization of the 305 genome was confirmed by paired-end read mapping. The length of complete phage genome 306
QZM_A2_Phage_33_19 is 31,813 bp, with a GC content of 32.9% (Figure 4a ). Another two scaffolds 307
( Supplementary Table 5 ) were manually curated to generate another complete phage genome 308
QZM_B3_Phage_33_79, with a length of 30,824 bp and GC content of 32.5% (Figure 4b and one transcriptional regulator and two replication proteins in QZM_B3_Phage_33_79. We used the 318 divergent region between the two genomes to calculate the coverage of the phage in all QZM-related samples 319
and found that they co-occur in most samples (Figure 4c ). 320
A total of 63 spacers targeted 26 ORFs in QZM_A2_Phage_33_19, and 52 spacers targeted 22 ORFs in 321
QZM_B3_Phage_33_79 (Figures 4a and b ), but no spacers targeted the intergenic regions of the two phage 322
genomes. The majority of spacers with targets (49 and 39, respectively) were from the CRISPR-CasY systems in 323 QZM Roizmanbacteria genomes, and all the other targeting spacers were from the Type I-B and III-A systems of 324 C2-Gp7. No spacer from QZM_B4_Woesebacteria_36_36 (78 unique spacers) and the other 10 type III-A 325 systems targeted the two complete phage genomes. 326
For phylogenetic analyses, we searched the NCBI database for capsid proteins similar to those in the 327 genomes reported here ( Figure 3 ) and identified a scaffold containing a similar capsid ORF that was binned into 328 a Roizmanbacteria genome (Candidatus Roizmanbacteria bacterium RIFOXYA1_FULL_41_12; (Anantharaman et  329 al. 2016)) ( Supplementary Figure 2) . Comparative analyses showed a close relationship between the sequences 330 of this prophage and the two complete phages mentioned above, including homologies for the capsid and two 331 terminase proteins. In addition, these genes and several other hypothetical proteins share gene arrangements 332 (Supplementary Figure 6 ). Thus, we conclude the two phage genomes reported are the full sequences for 333 lysogenic (temperate) phage found in Roizmanbacteria genomes. 334 335
An unusual CRISPR-CasY system with a fragmented CasY effector and self-targeting spacers 336 Among the candidate CasY sequences from the Tibet hot springs predicted protein dataset were three adjacent 337 partial proteins on a scaffold from sample GD2_1. In combination, the three open reading frames appear to 338 comprise a fragmented CasY protein (defined as "fCasY"). We identified Cas1 and a CRISPR locus adjacent to 339 the fCasY (Figure 5a ). Read mapping to the scaffold revealed that the CasY was fragmented by two mutations. 340
One involves deletion of A (from "AAAAA" to "AAAA") and introduces a TAA stop codon five amino acids 341
downstream. This mutation occurred in all the mapped reads, indicating that all the cells have CasY fragmented 342 7 at this position. The second mutation is a single nucleotide substitution from "C" to "T", which introduces a TAA 343 stop codon. This mutation was detected in 82% of the mapped reads. Interestingly, however, the three 344 conserved motifs (RuvC-I, -II and -III) are preserved in the largest protein fragment and all the catalytic residues 345 are shared with functional CasY proteins (Figure 1b and Figure 5a ). We identified the ribosome binding site 346 (RBS) for fragments 1 and 2 as TAA, the same RBS associated with 353 of 946 ORFs of this Roizmanbacteria 347 genome. The longest fragment is predicted to have a RBS of AAT, which was only shared by 55 ORFs. 348
The fCasY locus includes 22 unique spacers, six of which were detected only once in the mapped 349 reads (Figure 5b) . We reconstructed the CRISPR locus ( Figure 5b ) and found that all of the single copy spacers 350 are at the locus end that is closest to the Cas1 protein. As in prior studies, we infer that these were recently 351
added to the diversifying end of the CRISPR locus in a subset of cells. Interestingly, 12 out of the 22 unique 352 spacers target the scaffolds of the C2-Gp5 genome, which encodes the fCasY system (Figure 5c , Supplementary  353  Table 6 ). In detail, 11 spacers targeted Roizmanbacteria genes, including those encoding a PINc domain 354 ribonuclease, two permeases, a sigma-70 RNA polymerase and three hypothetical proteins with 355 transmembrane domains. Only one spacer matched an intergenic region, which is next to two tRNAs (His and 356
Thr). This spacer was recently acquired, as it is encoded on three reads that also sampled part of the leader 357 sequence (Figure 5b , Supplementary Table 6 ). Several of the self-targeting spacers are located in the old end of 358 the locus (Figure 5b ) and occurred in majority of the cells in the population. Thus, we infer that 359
Roizmanbacteria with these self-targeting spacers have survived for a substantial period of time. 360
In addition to the fCasY locus, we identified type III-A and I-B CRISPR-Cas systems in the C2-Gp5 361
genome. Notably, one spacer from the type III-A and I-B systems and two fCasY spacers target a complete 362 34,706 bp phage genome GD2_3_Phage_34_19 ( Supplementary Figure 7 , Supplementary Table 6 ) assigned to 363
Podoviridae. A Cas4-like protein was detected in this phage genome ( Supplementary Figure 7) . As phage with 364
Cas4-like proteins can induce their hosts to acquire self-targeting spacers (Hooton and Connerton 2014), the 365 presence of this protein may explain acquisition of self-targeting spacers by the C2-Gp5 genome. 366
Spacers from the loci of C2-Gp5 target other putative phage scaffolds ( Supplementary Table 5 ). For 367 example, one fCasY spacer targets GD2_3_scaffold_2486, which encodes a putative phage gene. Spacers from 368 both fCasY and I-B systems target GD2_2_scaffold_18083, which encodes a phage tail tape measure protein.
369
Two spacers from the type I-B system target GD2_3_scaffold_517, which encodes a capsid protein that is 370 distantly related to that in the prophage of C2-Gp3 (Figure 3 ). 371 372
PAMs 5'-TA and 5'-TG are shared by systems with both CasY and fCasY 373
The PAM is used for the acquisition of spacers into the CRISPR array and is important for target recognition and 374 cleavage (Hille et al. 2018 ). We determined the probable PAM of the CasY systems reported here to target the 375 two complete phage genomes (QZM_A2_Phage_33_19 and QZM_B3_Phage_33_79). Among all the 39 unique 376 target locations on these two phage genomes (88 spacers in total), 20 had a potential 5' TA PAM and 14 had a 377 potential 5' TG PAM ( Supplementary Figure 8 , Supplementary Table 6 ). Moreover, the one spacer in the 378 CRISPR-CasY system of the C1-Gp1 genome that targets GD2_3_Phage_34_19 also has a 5' TA PAM 379
( Supplementary Figure 7) . Previously, the PAM determined for the CasY.1 of Candidatus Katanobacteria using 380 an in vitro approach was a 5' TA, and both 5' TA (dominant) and 5' TG PAMs occur, based on in vivo data 381 (Burstein et al. 2017 ). For the fCasY, we checked to see if the self-targeting spacers have the same PAM as that 382 of other CasY proteins. If this was not the case, the genomic region matching the spacer may not be recognized 383 as a target by the fCasY CRISPR system. Among the 12 self-targeting spacers, 7 have 5' TA and 4 have 5' TG 384
PAMs and one has a possible 5' AT PAM ( Supplementary Table 6 ). Among the 5 fCasY spacers targets on phage 385 scaffolds, two have 5' TA PAMs and two have 5' TG PAMs. 386
In combination the results indicate that both general CasY proteins and fCasY in this study use the 5' 387 TA/TG PAM sequences for spacer acquisition and protospacer recognition. We identified a few targets with 388 other PAM sequences ( Supplementary Table 6 ), but it is possible that these targets have mutated the PAM 389 sites during their evolutionary history, as previously documented (Paez-Espino et al. 2015). 390 391
Potential phage-host genetic interactions 392
When examining the genomic context of CRISPR-CasY systems we noted four very short genes located next to 393 the CRISPR array in the C2-Gp7 genome ( Supplementary Figure 9 ). All four genes had at least one homologue in 394 the three complete phage and one prophage (BLASTp e-value thresholds = 1e-5) and when two or more 395 homologues were identified in the same genome, they were together. However, homologues were not 396 identified in the other newly reconstructed and previously reported Roizmanbacteria genomes (Supplementary  397  Table 4 ). The four genes in the C2-Gp7 genome and phage and prophage shared > 83% (up to 99%) nucleotide 398 identity with > 80% alignment coverage, but none had a NCBI blast hit with similarity > 38% (> 50 alignment 399 8 coverage). Given this, and the deduction that QZM_A2_Phage_33_19 and QZM_B3_Phage_33_79 infect C2-400
Gp7 Roizmanbacteria (based on CRISPR spacer targeting), we conclude that there may have been lateral 401 transfer of novel proteins related to phage-host interactions between Roizmanbacteria and their phage. Tibet, China ( Supplementary Table 1 ) and some previously published genomes. Most of them are CasY-based 411 systems ( Figure 1a , Table 1 ). These new sequences constrain more and less highly conserved regions of CasY 412 proteins, information that may be important in future efforts directed at tailoring the properties of genome-413 editing enzymes. 414
The finding that some of the Roizmanbacteria genomes encode multiple CRISPR-Cas systems, 415
including the relatively large types I-B and III-A, is unexpected, given the overall paucity of systems in CPR 416 bacteria, and their small genome sizes (Figure 1b ). We infer that these systems are mostly active, given the 417 identification of targets on potential phage scaffolds and evidence for locus diversification. Considering that 418 majority of the spacers with targets on the three complete phage and one prophage were from CRISPR-CasY 419 systems (Figures 2d, and 4a and b) , it seems that CasY is the primary CRISPR-Cas system used by these bacteria 420
for phage defense. In the case of the Roizmanbacteria with only a degenerate Type III-A CRISPR-Cas system, 421
defense may rely upon a restriction-modification system, as suggested previously for CPR bacteria that lack any 422 CRISPR-Cas system (Burstein et al. 2016) ( Figure 2) . In support of this correlation, restriction-modification 423 systems were not detected in those Roizmanbacteria with seemingly functional CRISPR-Cas systems (Figure 1a ). 424
The discovery of two copies Cas12a proteins in a single system of two genomes is an additional case of 425 unexpected investment in CRISPR-Cas-based phage defense by CPR bacteria (Figure 1a, Supplementary Figure  426 2). Overall, the genomes of Roizmanbacteria contained three of the six types of CRISPR-Cas systems reported 427 so far (i.e. type I, III and V), expanding our understanding of the investment of CPR bacteria in CRISPR-Cas-428 based defense. 429
The availability of a pool of CRISPR spacers enabled discovery of three Roizmanbacteria-infecting 430 phage for which complete genomes were reconstructed, and one prophage (Figures 2-4, Supplementary Figure  431 7). These are the first reported phage infecting members of the Microgenomates superphylum of the CPR. All 432 of these phage, along with the previously reported CPR phage, were assigned to Podoviridae and Siphoviridae 433 of the Caudovirales order (Figure 3) . The phylogenetic relatedness and genetic similarity among the 434
Podoviridae phages obtained in this study and a Roizmanbacteria prophage deposited at NCBI (Figure 3 , 435
Supplementary Figure 6) , and also the potential phage-host genetic interactions ( Supplementary Figure 9) , may 436 indicate stable and similar host-phage relationships in a variety of habitats. 437
An interesting aspect of the CRISPR-CasY analyses was the fCasY system in one Roizmanbacteria that 438 includes a locus with self-targeting spacers. It may be significant that a Cas4-like protein is encoded in the 439 genome of a phage that replicates in this Roizmanbacteria, given that a Cas4-like protein in a Campylobacter sp. 440
phage was suggested to facilitate acquisition of self-targeting spacers into the CRISPR-Cas system of its host 441 (Hooton and Connerton 2014) . Roizmanbacteria lack the RecBCD mediated double-stranded DNA break repair 442 complex, the only documented mechanism for avoidance of self-targeting spacer acquisition (Levy et al. 2015 Autoimmunity also could be countered via loss of cas gene function. Interestingly, the fCasY harboured 449
conserved RuvC domains and catalytic residues found in intact CasY proteins (Figure 1b, Figure 5 ). However, 450
given the relatively high abundance of Roizmanbacteria with fCasY in the community (1.37%), we infer that the 451 fCasY protein fragmentation led to loss of cleavage function, preventing autoimmunity. It is possible that the 452 region of the fCasY protein responsible for binding to the target sequence is encoded on a different gene 453 fragment than that encoding the nuclease domain, so that the CRISPR RNA does not recruit the protein 454 fragment with nuclease function. 455
The presence of old end CRISPR locus spacers that target the host chromosome suggests that the 456 9 fCasY has been present in the genomes of the Roizmanbacteria C2-Gp5 population for some time. Why has this 457 gene, or the entire locus, not been lost? It is possible that the spacers of the fCasY locus retain some function, 458
for example in gene regulation (possibly involving binding of CRISPR RNAs to the DNA during transcription). 459
Experiments will be required to determine whether fragments of fCasY can reassemble and bind to the 460 genomic regions targeted by the self-targeting spacers (without cleavage) and to determine if the spacer-461 directed binding domain is on fragment 1 or 2 (Figure 5a ). 462
In conclusion, CRISPR-Cas systems are unexpectedly common in a subset of CPR bacteria, and the 463 number, variety and potential functional diversity of these systems is greater than expected. It is already 464 established that CRISPR-CasY systems from these intriguing and enigmatic bacteria will have biotechnological 465 value. Lessons from natural system studies such as reported here may provide information about CasY 466
sequence variety and function that may be useful in enzyme engineering. Beyond this, the new information 467 about CPR bacteria, their phage and the mechanisms of their interactions expands our understanding of the 468 complex phenomena that shape the structure and functioning of natural microbial communities. N  N   I  I  I  I  I  I  I  I  I  I   I  I  I  I  I  I  I N   I  I  I  I  I  I  I  I  I  I   I  I  I  I  I  I  I Q  Q   I  I  I  I  I  I  I  I  I  I   I  I  I  I  I  I  I 
